
Rb-Sr AND U-Th-Pb SYSTEMATICS OF BOULDERS 1  AND 7, APOLLO 17. M. Tatsumoto, 
P. D. Nunes, R. J. K n i g h t ,  and D. M. Unruh, U. S. Geo log ica l  Survey, Denver, Colorado 80225 

U-Th-Pb ana lyses  o f  b o u l d e r  1  (Wood's consor t ium) ,  s t a t i o n  2  and Rb-Sr and U-Th-Pb 
analyses o f  b o u l d e r  7  (Chao's consor t ium) ,  s t a t i o n  7  a r e  p resen ted ,  and t h e  e a r l y  l u n a r  
e v o l u t i o n  wh ich  formed t h e  l u n a r  p r i m i t i v e  c r u s t  i s  d iscussed.  The b o u l d e r s  were appar- 
e n t l y  d e r i v e d  f rom somewhere i n  t h e  upper  p a r t  o f  t h e  South ( b o u l d e r  1 )  and t h e  N o r t h  
( b o u l d e r  7 )  M a s s i f s ,  and t h e s e  h i g h l a n d  areas were u p l i f t e d  r e l a t i v e  t o  t h e  S e r e n i t a t i s  
b a s i n  ( 1 ) .  

Rb-Sr sys temat i cs .  Cl a s t  t y p e  1  ( r e c r y s t a l  1  i z e d  01 i v i n e - p l  a g i  o c l  ase m i c r o b r e c c i a ;  
sub no. 57) i n  sample /7135 o f  t h e  v e s i c u l a r  g ray  c r y s t a l l i n e  rock  c o l l e c t e d  f r o m  b o u l d e r  7 
was separa ted  i n t o  an o l i v i n e - p o o r  p a r t  (A) and an o l i v i n e - r i c h  p a r t  (0 ) .  O l i v i n e  and 
p l  a g i o c l a s e  were separa ted  b y  heavy l i q u i d s  and hand-p ick ing  f r o m  100-mg-size samples. The 
Rb-Sr r e s u l t s  a r e  p r e s e n t e d  i n  Tab le  1  and F i g u r e  1. A  Rb-Sr i n t e r n a l  i s o c h r o n  f o r  t h e  
01 i v i n e - p o o r  p a r t ,  c o n s i s t i n g  o f  p l a g i o c l a s e ,  o l i v i n e ,  and whole-rock analyses,  y i e l d s  an 
age o f  3.90 2 0.03 x  109 y e a r s  (20)  and an i n i  t i  a1 87Sr /86Sr  o f  0.69928 + 0.00004 (20) .  
The i n t e r n a l  i s o c h r o n  o f  t h e  01 i v i n e - r i c h  c l a s t  c o n s i s t s  o f  p l a g i o c l a s e ,  01 i v i n e ,  and 
whole-rock samples and y i e l d s  an age o f  3.85 2 0.28 x  l o 9  years  (20)  and an i n i t i a l  
8 7 ~ r / 8 6 S r  r a t i o  o f  0.69927 + 0.00025. The l a r g e  u n c e r t a i n t y  i n  t h i s  age i s  due t o  d a t a  
o b t a i n e d  f r o m  t h e  whole r o c F  o f  t h e  o l i v i n e - r i c h  p a r t  ( F i g .  1) and may r e f l e c t  e i t h e r  Rb 
enr i chment  i n  t h e  c l a s t  a t  about  3.9 b.y. ago o r  er roneous data.  Never the less ,  t h e  i n t e r -  
n a l  i s o c h r o n  age c a l c u l a t e d  f r o m  a l l  c l a s t  1  d a t a  i s  3.89 + 0.08 b.y. (20)  w i t h  t h e  i n i t i a l  
S r  r a t i o  o f  0.69926 + 0.00008. T h i s  age f o r  t h e  c l a s t  1  appears t o  be s l i  h t l y  o l d e r  than  
t h e  ages o f  A p o l l o  1 7  b a s a l t s  measured by  t h e  Rb-Sr method (3.81-3.83 x  l o8 ,  B i r c k  e t  a l .  
( 2 ) ,  Chap e l l  e t  a l .  (3 ) ,  Mur th  e t  a l .  ( 4 ) ,  N y q u i s t  e t  a l .  (5 ) ,  Tatsumoto e t  a l .  (6 ) ;  t: 3.77 x 10 b.y . ,  Tera e t  a l .  (77 )  . We i n t e r p r e t  t h e  3.89-b.y. age as l i k e l y  r e f l e c t i n g  t h e  
S e r e n i t a t i s  b a s i n  f o r m a t i o n  and t h e  3.8-b.y. age as r e c o r d i n g  t h e  t i m e  o f  b a s a l t  f l o o d i n g  
o f  t h i s  bas in .  

Us ing  t h e  l o w e s t  determined l u n a r  i n i t i a l  (87Sr/86Sr)LIM = 0.69885 2 0.00004 o f  
60015 ( 8 ) ,  we c a l c u l a t e  model ages o f  t h e  o l i v i n e - p o o r  "whole r o c k "  and o l i v i n e - r i c h  "whole 
r o c k "  o f  4.52 and 4.31 b.y., r e s p e c t i v e l y .  These ~ d e l  ages o n l y  have s t r i c t  meaning i f  
t h e  assumed (87Sr/86Sr)LIM i s  t r u l y  r e p r e s e n t a t i v e  o f  these  samples and t h e  whole r o c k s  
have remained c l o s e d  systems s i n c e  t h e  c a l c u l a t e d  age. These d a t a  t o g e t h e r  w i t h  t h e  U-Pb 
upper  c o n c o r d i a  i n t e r c e p t  age d iscussed  below i n d i c a t e  t h a t  c l a s t  1  o r i g i n a l l y  formed >4.3 
b o y .  ago. 

U-Th-Pb s y s t e m a t i c s .  The U-Th-Pb r e s u l t s  o f  t h e  m a t r i x  (sub no. 73) ,  t h e  b l a c k  
c l a s t  ( 8 1 ) a s t  (117) o f  sample 72275 o f  b o u l d e r  1 ,  and t h e  l e s s  v e s i c u l a r  
(33)  and t h e  more v e s i c u l a r  (34)  p a r t s  o f  t h e  m a t r i x  and c l a s t  1  (57A) o f  sample 77135, and 
t h e  w h i t e  c l a s t  77215,37 f r o m  b o u l d e r  7  a r e  p resen ted  i n  Tab le  2. Sample 72275 c o n t a i n s  a  
l a r g e  c l a s t  c o n s i s t i n g  o f  a  l i g h t - c o l o r e d  c o r e  ( w h i t e  c l a s t ,  sub no. 117) w i t h  a  dense dark  
envelope ( b l a c k  c l a s t ,  sub no. 81) .  The b l a c k  c l a s t  was hand-p icked t o  $5 p e r c e n t  p u r i t y ,  
b u t  t h e  w h i t e  c l a s t  ana lyzed  was o n l y  about  80 p e r c e n t  p u r e  w h i t e  m a t e r i a l  due t o  i n t i m a t e  
m i x i n g  o f  b l a c k  specks. The U, Th, and Pb c o n c e n t r a t i o n s  o f  t h e  b l a c k  c l a s t  a r e  as h i g h  as 
those  o f  A p o l l o  12 and 14  KREEP-rich s o i l s  and b r e c c i a s ,  i n d i c a t i n g  t h i s  c l a s t  has a  sub- 
s t a n t i a l  KREEP component. The r a t h e r  h i g h  U, Th, and Pb c o n t e n t s  o f  b o u l d e r  1  m a t r i x  may 
a l s o  r e f l e c t  a  s i g n i f i c a n t  KREEP component. R e l a t i v e l y  h i g h  U and Pb c o n c e n t r a t i o n s  i n  t h e  
w h i t e  c l a s t  compared t o  those  i n  t h e  w h i t e  c l a s t  o f  b o u l d e r  7  a r e  p r o b a b l y  due t o  a  s i g n i f -  
i c a n t  c o n t r i b u t i o n  o f  b l a c k  m a t e r i a l  , as s t a t e d  above. 

A1 though t h e  p r e l  i m i n a r y  examina t ion  ( 9 )  i n d i c a t e s  t h a t  t h e  m i n e r a l  assemblage 
( c l  inopyroxene,  ~ 6 5 % ;  p l  a g i o c l a s e ,  ~ 2 0 % ;  01 i v i n e ,  ~ 1 0 % ;  and i l m e n i t e ,  ~ 5 % )  and t e x t u r e  o f  
t h e  more v e s i c u l a r  and l e s s  v e s i c u l a r  p a r t s  o f  77135 a r e  s i m i l a r ,  t h e  U, Th, and Pb concen- 
t r a t i o n s  o f  t h e  more v e s i c u l a r  p a r t  a r e  up t o  t h r e e  t imes  h i g h e r  than  i n  t h e  l e s s  v e s i c u l a r  
p a r t .  

The da ta  f o r  b o u l d e r s  1  and 7  a r e  p l o t t e d  on a  U-Pb c o n c o r d i a  d iagram i n  F i g u r e  2. 
Due t o  t h e  f l a t n e s s  o f  c o n c o r d i a  around t h e  3.8- t o  4.7-b.y. r e g i o n ,  no accura te  t i m e  
assessment can be made from these  d a t a  a lone .  The da ta  appear, however, t o  l i e  on a  3.85- 
t o  4.55-b.y. d i s c o r d i a  l i n e .  The l o w e r  i n t e r c e p t  agrees w i t h  t h e  Rb-Sr i n t e r n a l  age o f  
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77135 s t a t e d  above. The upper  i n t e r c e p t  appears s l i g h t l y  o l d e r  t h a n  an e a r l y  l u n a r  d i f f e r -  
e n t i a t i o n  age o f  4.47 b.y .  (10, 11 ) .  Because t h e  bou lders  a r e  complex b r e c c i a ,  t h e  d i s -  
c o r d i a  l i n e  may n o t  have s t r i c t  age s i g n i f i c a n c e .  However, t h e  d a t a  i n d i c a t e  t h a t  t h e  
bou lders  i n c l u d e  components o f  v e r y  o l d  m a t e r i a l  ( p o s s i b l y  as o l d  as 4.55 b .y . ) .  

Combining U-Th-Pb and Rb-Sr d a t a  o b t a i n e d  f rom H igh land  s i t e  samples, we p o s t u l a t e  
t h a t  t h e  moon a c c r e t e d  a4.65 b.y. ago and t h a t  t h e  moon's o u t e r  p o r t i o n s  underwent chemical  
d i f f e r e n t i a t i o n  w i t h i n  t h e  f i r s t  100 t o  200 m.y. f o l l o w i n g  a c c r e t i o n ,  i n  accord w i t h  t h e  
h y p o t h e s i s  o f  Nunes and Tatsumoto (10) .  The r e l a t i v e l y  unrad iogen ic  n a t u r e  o f  t h e  orange 
s o i l  (74220) Pb suggests  t o  us t h a t  a m a f i c  o r  u l t r a m a f i c  source e x i s t s  f o r  t h i s  l e a d  
beneath t h e  mare b a s a l t  source r e g i o n  [120-170 km deep ( 1 2 ) l .  T h e r e f o r e ,  we l i k e  thermal  
h i s t o r y  models f o r  t h e  moon (e.g.,  13)  which suggest  t h a t  i n i t i a l  m e l t i n g  o f  t h e  moon 
reached depths o f  s e v e r a l  hundred k i l o m e t e r s  o r  more. Cons ider ing  t h e  l o w e s t  r e p o r t e d  
l u n a r  (87Sr/86Sr)LIM i n  a n o r t h o s i t e  60015 ( 8 ) ,  a n o r t h o s i t e  was l i k e l y  among t h e  f i r s t  mate- 
r i a l  t o  c r y s t a l l i z e  and s p o t t i l y  c o a t  t h e  mo l ten  s u r f a c e  as t h e  moon cooled.  A s i g n i f i c a n t  
p o r t i o n  o f  t h e  l u n a r  c r u s t  c o n s i s t s  o f  p l a g i o c l a s e - r i c h  n o r i t i c  rocks  ( a  p l a u s i b l e  source 
m a t e r i a l  o f  KREEP) wh ich  must have formed p r i o r  t o  t h e  o l d e s t  KREEP rocks  (>4.4 b.y. ago). 
S i m i l  a r  t o  e a r l y  KREEP f o r m a t i o n ,  a n o r t h o s i  t e s  w i t h  (87Sr /86Sr ) I  va lues  s l  i $ t l y  h i g h e r  
t h a n  t h a t  o f  60015 (LIM) may have formed s l i g h t l y  a f t e r  (s4.4 b.y. ago?) t h e  p o s t u l a t e d  
p r i m a r y  d i f f e r e n t i a t i  on s4.65 b.y. ago. We p o s t u l a t e  f rom U-Th-Pb d a t a  (14)  t h a t  " g r a n i t e "  
12013 o r i g i n a l l y  formed $4.4 b.y. ago and t h a t  t h e  3.9-b.y. i n t e r n a l  Rb-Sr i s o c h r o n  age 
(15)  represen ts  a l a t e r  metamorphic even t .  
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Table 1. Rb-Sr d a t a  f a r  77135.57 

n e i l h t  K Rb ST 
Sample (-1 i p e r c e n t )  loom)  ioom1 ~ b ~ ~ 1 ~ r ~  

77131.51.0 
)!ag>ar!are 9.9 D 116 2 .  216.' 0 D 3 l l  o . lO lO6  r 1 

Yhale rock 10 1 0 045 1.33 84.3 0 0451 0 10161 + 10 

Olivine 35.1 0.022 0.81 21.0 0.1107 0 . 1 0 5 3 8 t  8 

11115.11.p 

Y lag loc l a re  l i  8 0 109 1.38 208.1 0.0468 0 10188 + 3 

m o l e  mck 37.4 0 .061  2.05 '15.8 0.0511 0.10216 : 16 

Olivine 2 4 5  0.020 0.79 12.5 0 1 8 2 9  O 1 0 9 4 6 i  2 

ou r  m d s u r e d  value o f  t h e  nss s t a n d a r d  SRM 981 t i  ~ ~ ~ ' i s r ~  = 0.71018 + 0.00001 
( 2  s t a n d a r d  d e v ' a t l r m r  o f  mean1 d u r l n o  the course a f  t h l i  study. 

Tab,* 2 .  U-Th-Ft da ta  f o p  b u l e n  72275 IWd Carer t iu )  md 71126 and 77215 itha. C a l o r t l u l  

o . s s d  ' ' ' ' ' 
0 0  * 0.12 0.l. 

~ l q .  1 .  l r a c h r o n  age and i 8 ? s r i a 6 s v )  are  3 .89  + 0 . 08  ~ . y .  a n d  
0.69926 2 O.WO04 [2. 1 1 6 ) ] . ' r e r p e ~ t i u e ~ y .  

F l 9 .  2 .  ADol le  17 boulder samples,  Nuder5  m c o n c o d l a  are i n  b . y  
Data cor rec ted  for b l a n k  a n d  p r l n x l r d r a l  Pb.  
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